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Abstract 
All-solid-state Li-ion batteries are currently attracting considerable research attention as they present 
a viable opportunity for increased energy density and safety when compared to conventional liquid 
electrolyte-based devices. The Li-rich anti-perovskite Li3-xOHxCl has generated recent interest as a 
potential solid electrolyte material, but its lithium and proton transport capabilities as a function of 
composition are not fully characterised. In this work, we apply a combination of ab initio molecular 
dynamics and 1H, 2H and 7Li solid-state NMR spectroscopy to study the mobility of lithium ions and 
protons in Li3-xOHxCl. Our calculations predict a strongly exothermic hydration enthalpy for Li3OCl, 
which explains the ease with which this material absorbs moisture and the difficulty in synthesising 
moisture-free samples. We show that the activation energy for Li-ion conduction increases with 
increasing proton content. The atomistic simulations indicate fast Li-ion diffusion but rule out the 
contribution of long-range proton diffusion. These findings are supported by variable-temperature 
solid-state NMR experiments, which indicate localised proton motion and long-range Li-ion mobility 
that are intimately connected. Our findings confirm that Li3-xOHxCl is a promising solid electrolyte 
material for all-solid-state Li-ion batteries. 
 
Introduction 
Interest in fast Li-ion conducting solid electrolytes for the next generation of Li-ion batteries is ever 
increasing. By replacing the flammable liquid electrolytes currently used in commercial Li-ion batteries 
with solid electrolytes, the safety of the devices can be greatly enhanced.1–3 In addition to the safety 
benefits, solid electrolytes have the potential to enable the use of Li metal anodes, resulting in 
increased energy densities, and extended electrochemical windows.4–6 A significant number of 
materials, typically based on the garnet, LISICON and perovskite structures, have been investigated as 
possible Li-ion solid electrolytes.7–11 
     Although the high Li-ion conductivities of Li-rich anti-perovskite materials have been known for 
decades,12,13 it is only recently that significant interest has been generated for solid electrolyte 
applications.14–28 Zhao and Daemen14 reported high ionic conductivities (> 10-3 S/cm at room 
temperature) and low activation energies (0.18–0.26 eV) for Li3OX-based compositions, where X = Cl 
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or Br. However, subsequent reports have noted reduced Li-ion conductivities and increased activation 
barriers for these materials.16–21,23  
     It has been suggested that the as-prepared samples in the work of Zhao and Daemen were in fact 
hydrated compositions, i.e.,  Li2OHCl,19 based on their hygroscopic nature.12,13,15,19,22 The measured 
ionic conductivities of these materials are known to be highly dependent on the sample preparation.16  
     Hood et al. explored Li2OHCl as a potential solid electrolyte system and found that it possesses high 
Li-ion conductivity and a reasonable activation energy.15 More recently, Li et al. reported that fluorine 
doping of Li2OHX (X = Cl or Br) resulted in a promising solid electrolyte with high Li-ion conductivity.19 
More recently, the ionic conductivities of Li3-xOHxCl were measured as a function of proton 
concentration using impedance spectroscopy.22      
     However, the Li-ion and proton dynamics of the Li3-xOHxCl system are not fully characterized, 
especially at the atomic scale. Here, ab initio molecular dynamics (AIMD) calculations and solid-state 
1H, 2H and 7Li NMR spectroscopy are used to study the dependence of Li-ion conductivity on the 
stoichiometry of the Li3-xOHxCl system and to identify the contribution of proton transport. We show 
that the reaction of Li3OCl and water is highly exothermic and that the activation energy for Li-ion 
transport increases with increasing proton concentration. Long-range proton transport is shown to be 
limited as a result of the large interatomic distances between adjacent oxygen ions.    
 
Methods 
Ab Initio Simulations. All calculations were performed using density functional theory (DFT) based on 
the Vienna ab initio simulation package (VASP).29 A plane-wave cut-off energy of 400 eV, the projector 
augmented wave method30 and the PBEsol exchange-correlation functional were employed. This 
functional has been used in previous successful studies of Li-ion battery materials.27,31–33 The k-space 
was sampled with a k-point mesh spacing smaller than 0.05 Å-1 and the gamma-point only for the 
reaction enthalpy and AIMD calculations, respectively. Structural optimisation was performed until the 
residual force on each atom was smaller than 0.03 eV/Å. AIMD simulations were carried out to examine 
Li+ ion diffusion in Li3-xOHxCl with 4×4×4 supercells containing 320 atoms. Each composition was first 
equilibrated for 10 ps. Statistical properties were then obtained from the following 50 ps simulations 
using the NVT ensemble with a Nose-Hoover thermostat.34 The AIMD calculations were carried out at 
600, 700, 800, 900 and 1000 K, with a short time step of 1 fs due to the presence of hydrogen. Self-
diffusion data for Li were obtained from the mean square displacement (MSD) according to: 
 
 
(1) 
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where  is the MSD, DLi is the diffusion coefficient for Li and t is time. The diffusion coefficients 
were then converted to conductivities using the Nernst-Einstein relationship: 
 
                                            (2) 
where n is the number of charge carriers per unit volume, q is the electron charge, k is the Boltzmann 
constant, T is the temperature and HR is the Haven ratio. A Haven ratio of one was used in our 
calculations. The methods described in this work have been successfully applied to examine Li-ion 
transport in a variety of solid electrolyte materials,35–37 including Li3OX (X = Cl or Br),25,26,38 and extend 
our previous computational work on Li-ion battery materials.39–44     
Synthesis and Characterisation. Samples of Li2OHCl were synthesised via solid-state methods. 
Stoichiometric amounts of commercial LiCl (Alfa Aesar, ultra dry, 99.9%) and LiOH (Acros Organics, 
anhydrous, 98%) were mixed and ground in an agate mortar and pestle inside an argon-filled glovebox. 
The powdered sample was placed in an alumina crucible and heated at 350 °C for 30 min in a muffle 
furnace located inside the Ar-filled glovebox. Once the reaction was complete, the furnace was 
allowed to cool to room temperature and the sample was recovered. A sample of Li2OHCl was 
deuterated for 2H NMR experiments using the same procedure outlined above, using the deuterated 
starting reagent LiOD. 
     Samples in the series Li3−xOHxCl, x = 0.25, 0.5 and 0.75, were also synthesised via a solid-state route 
using the same precursors. The powdered samples were placed in an alumina crucible that was placed 
inside a quartz tube. The quartz tube was sealed, removed from the glovebox, connected to a 
conventional Schlenk line apparatus and evacuated to 10−3 mbar for 1 h. All samples were heated at 
350 °C for 30 min. Once the reaction was complete, the sealed quartz tube was removed from the 
furnace and allowed to cool to room temperature. Once cooled, the tube was returned to the Ar-filled 
glovebox, where the product was recovered. Post synthesis, the proton content of each sample was 
determined via integration of the appropriate 1H NMR spectrum, as detailed in the Supporting 
Information (SI).    
X-ray Diffraction. All samples were characterised by X-ray diffraction (XRD) using a Bruker d8 
diffractometer using Mo (λ = 0.71073 Å) radiation. Variable-temperature (VT) XRD patterns were 
obtained for Li2OHCl, where the temperature was increased at a rate of 2 °C h-1.  
NMR Spectroscopy. All solid-state NMR spectra were acquired using a Bruker 500 Avance III HD 
spectrometer, equipped with a wide-bore 11.7 T Oxford magnet, using Larmor frequencies of 499.69 
MHz for 1H (I = 1/2), 76.77 MHz for 2H (I = 1) and 194.20 MHz for 7Li (I = 3/2). Powdered samples were 
packed into conventional 4.0 mm ZrO2 rotors under an Ar atmosphere, and a magic-angle spinning 
(MAS) rate of 10 kHz was employed. 1H chemical shifts were referenced to neat tetramethylsilane, by 
2 ( )ir t
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setting the resonance from a sample of adamantine to δiso = 1.9 ppm. 7Li chemical shifts were 
referenced to 1 M LiCl(aq). 2H chemical shifts were referenced to (CD3)4Si using a sample of CDCl3, δiso = 
7.24 ppm. 
     Standard VT 1H, 2H and 7Li MAS NMR experiments were completed for samples in the series 
Li3−xOHxCl between −19 and 110 °C using conventional hardware and the parameters detailed in the 
SI. Additional VT static 7Li NMR experiments were completed for Li2OHCl over a temperature range of 
−65 to 230 °C using a Bruker 400 Avance III HD spectrometer, equipped with a wide-bore 9.7 T magnet, 
using a Larmor frequency of 155.5 MHz for 7Li. The sample was packed into a 5.0 mm ceramic rotor 
inside an Ar-filled glovebox and placed into a Bruker 5.0 mm static probe. In all cases, quoted 
temperatures have been calibrated and reflect the true temperature of the sample during the 
experiment. Additional experimental details are given in the SI.  
Pulsed-Field Gradient (PFG)-NMR Spectroscopy. 7Li PFG-NMR experiments were performed using a 
Bruker Diff50 PFG probe equipped with a Z-gradient and an EVT 7Li saddle coil in a 7.046 T magnet. 
Spectra were acquired using a stimulated diffusion pulse sequence (Scheme S1) and varying gradient 
strengths. The effective gradient length, δ, was set to 5 ms and a maximum gradient strength of 1800 
G/cm was used. The diffusion time, Δ, was kept constant and set to either 100, 175 or 250 ms. Diffusion 
coefficients were obtained by fitting the decaying signal. All acquisitions were performed at an 
elevated temperature of 373 K. All samples were sealed into glass tubes under an Ar atmosphere. 
 
Results and discussion 
Hydration of Li3OCl 
The hygroscopic nature of the anti-perovskites has been shown experimentally.12,13,15,19 In addition, it 
has been demonstrated that the preparation of Li3OX (X = Cl or Br) from dry Li2O and LiX is challenging, 
even at high temperatures of 773–873 K.19 This is in agreement with previous DFT calculations that 
predict Li3OX to be metastable relative to Li2O and LiX.45,46 Li3OX is usually prepared by annealing LiOH 
and LiX together.14,19 The hydration of Li3OX is charge-compensated by Li-ion vacancies.  
     To quantify the uptake of hydrogen in Li3OCl, we first calculate its hydration enthalpy, based on the 
following reaction:  
             
                                                                                                          (3) 
By computing the total energies of the reactants and products in reaction (3), we obtain a hydration 
enthalpy for the overall reaction of -0.74 eV. Although there are no experimental values, this energy is 
consistent with measured calorimetry values for other perovskite oxides. Moreover, this strongly 
exothermic value confirms the favourable proton uptake of Li3OCl and, hence, the difficulty in 
3 2 2 2
1 1
Li OCl + H O Li (OH)Cl + Li O
2 2

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synthesising proton-free samples. This finding is in good agreement with our experimental 
observations, in which numerous synthetic procedures have been attempted to produce phase pure 
Li3OCl, including varying the temperature and/or time of the reaction and altering the specific reaction 
environment. In each case, a complex mix of starting reagents and/or unknown phases is consistently 
produced, as shown by Figure S1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. VT (a) XRD patterns and (b) 1H and (c) 7Li MAS NMR spectra acquired for Li2OHCl between –
19 and 106 °C. The corresponding variation in FWHM of 1H and 7Li are shown in (d) and (e), respectively. 
All spectra were acquired using a MAS rate of 10 kHz.   
 
Structures of Li3−xOHxCl    
Two phases have been confirmed for the hydrated phase, Li2OHCl, using XRD.13 Below ~308 K, Li2OHCl 
is reported to exist as an orthorhombic structure in space group Amm2. However, to date, no 
crystallographic information has been reported for this phase, although DFT-based techniques have 
been used in an attempt to rectify this.21 Above this temperature, Li2OHCl undergoes a phase transition 
to the cubic anti-perovskite phase with space group Pm-3m.13 This phase transition, which is clearly 
observed during the present study via both VT XRD and 1H and 7Li MAS NMR studies (Figures 1 and 
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S2), is known to increase the Li-ion conductivity by several orders of magnitude.13,15,19 Moreover, it has 
been reported that the presence of cubic symmetry is a prerequisite for high ionic mobility in these 
materials.13 There is a strong correlation between the Li motion and OH- group rotation in Li3-xOHxCl, 
with the OH- groups being able to freely rotate in the cubic phase, whereas they are believed to be 
static in the orthorhombic phase as a result of the reduced Li motion (vide infra).13,47  
      In our calculations, we find that the ground state of Li2OHCl is a tetragonal structure with all the 
OH- groups aligned along the a direction. It is noteworthy that a tetragonal structure was also 
determined for Li2.17OH0.83Cl using XRD.13 For the AIMD simulations, the cubic phase of Li2OHCl was 
obtained by heating the tetragonal structure to high temperature. The OH- groups are randomly 
orientated in the simulated cubic phase.  
     The tetragonal and cubic Li2OHCl structures are illustrated in Figure 2. In the conventional perovskite 
structure, ABX3, the A and B sites are occupied by cations and the X site is an anion, whereas in the 
anti-perovskite structure, the A and B sites are occupied by anions and the X site is a cation. In Li2OHCl, 
the B-site oxygen ion is coordinated to four Li+ ions and one proton, while the A-site Cl- ion is 
coordinated to eight Li+ ions.  
     The calculated and experimental lattice parameters of the Li3-xOHxCl compositions are given in Table 
1, indicating good agreement. The results show that the lattice parameters remain mostly unaltered 
with increasing proton incorporation. This is also the case for the values obtained from XRD 
experiments. The contracted a lattice parameter of tetragonal Li2OHCl is a result of the alignment of 
the OH- groups along this direction, as shown in Figure 2. 
 
Table 1. Lattice parameters of cubic Li3OCl, Li2.5OH0.5Cl and Li2OHCl, and tetragonal Li2OHCl.  
System Calculation (Å) Experiment (Å) 
Li3OCl a = 3.847 a = 3.90748 
Li2.5OH0.5Cl a = 3.832 a = 3.909 
Li2OHCl  a = 3.855 a = 3.913 
Li2OHCl a = 3.591, b = c = 3.853 - 
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Figure 2. Anti-perovskite structures of (a) tetragonal and (b) cubic Li2OHCl. The local coordination 
environments of the oxygen ions (to Li, H and Li vacancies, VLi) are also displayed.  
 
Li-Ion Conductivity of Li3−xOHxCl    
It is possible to monitor ion mobility using variable temperature solid-state NMR spectroscopy. The 1H 
and 7Li MAS NMR spectra obtained for Li2OHCl over the temperature range of −19–106 °C are shown 
in Figures 1(b) and (c), respectively, where a single resonance is observed in each, indicating a single Li 
and H environment. In the VT 1H MAS NMR spectra (Figure 1(b)), a narrowing of the lineshape is 
observed with increasing temperature. A corresponding plot of the full width at half maximum 
(FWHM) vs. temperature is shown in Figure 1(d), which confirms a narrowing of the lineshape with 
increasing temperature. Between −19 and 33 °C, there is minimal change in the linewidth, suggesting 
the protons are static and not freely moving. As the temperature is increased to 52 °C, there is a sudden 
decrease in linewidth, believed to correspond to the known phase transition to the Pm-3m phase. 
There is a further, more gradual, reduction in linewidth above 52 °C, believed to indicate the movement 
or mobility of protons within the structure, likely rotation or free movement of the OH- groups. 
However, it is noted that between 33 and 52 °C, it is challenging to accurately differentiate the precise 
contribution of the phase transition versus the mobility of the OH− groups to the change in linewidth.  
     Similar line narrowing is observed in the VT 7Li NMR data (Figures 1(c) and (e)). The phase transition 
from orthorhombic to cubic symmetry is clearly observed between 33 and 40 °C. Further line 
narrowing is observed as the temperature is increased, relating to mobile Li species within the 
structure. It is noted that the degree of line narrowing observed for 7Li is greater than that observed 
for 1H, suggesting Li has greater mobility in Li2OHCl (vide infra). 
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     Samples in the series Li3−xOHxCl (x = 0.25, 0.5 and 0.75) were synthesised and analysed via XRD and 
solid-state NMR spectroscopy. The XRD patterns obtained at room temperature for each composition 
are shown in Figure 3(a), where the same phase observed for Li2OHCl is also observed. The room 
temperature and VT 1H and 7Li MAS NMR spectra obtained for Li2.5OH0.5Cl are shown in Figures 3(b) 
and (c), respectively. In each case, a single resonance is observed and, similar to Li2OHCl, there is a 
reduction in the linewidth with increasing temperature, again suggesting both a phase change and ion 
mobility. The variation in FWHM with increasing temperature for 1H and 7Li is shown in Figures 3(d) 
and (e). The changes observed are similar to those observed for Li2OHCl, suggesting both protons and 
lithium ions are mobile at temperatures of >45 °C. Similar findings were observed for the remaining 
compositions in the series (see Figures S3 and S4). A comparison of the FWHM with changing 
composition is shown in Figure S5. Small compositional changes appear to have little effect on the 
FWHM within this temperature range, as a similar reduction in linewidth is consistently observed 
across the series.  
     Figure 4 shows representative mean square displacement plots for the Li3-xOHxCl system at 800 K 
from the AIMD simulations. Several key points emerge from these plots. First, it is clear that with 
increasing proton concentration, there is a concomitant increase in Li-ion diffusion at this temperature. 
This is perhaps unsurprising given the increase in Li vacancy concentration as a result of hydration. It 
is well known that Li vacancies are the dominant charge carriers in the anhydrous Li3OCl 
material.27,28,38,45  These results reinforce the fact that there is strong correlation between Li-ion 
transport and proton concentration. 
     Second, the increase in Li-ion diffusion extends beyond x = 1, i.e., Li2OHCl. This indicates that the 
formation of water molecules at low concentrations does not hinder Li-ion transport and the 
increasing Li vacancy concentration still dominates. However, for large proton concentrations (x = 2), 
it is known experimentally that LiOH2Cl (or LiCl•H2O) is orthorhombic with space group Cmcm.13 This 
is indicative of Li ordering, as confirmed by single crystal XRD studies,49 and a reduction in Li-ion 
mobility. The poor Li-ion conductivity of LiCl•H2O was confirmed by Schwering et al.,13 with the values 
dropping below the levels of detection (< 10-8 S cm-1) of the impedance analyser.    
          Third, in the Li3OCl system (x = 0), there is no Li diffusion due to the lack of Li vacancies. Disorder 
is usually introduced into this system via LiCl Schottky defect pairs, as found experimentally18 and 
computationally.38 Our calculations indicate that proton incorporation can provide an alternative 
mechanism for introducing disorder in the anti-perovskite material.  
     The self-diffusion coefficients for Li were converted into Li-ion conductivities and are presented as 
an Arrhenius plot in Figure 5. The conductivity data of the four compositions can be divided into two 
groups. For low proton concentrations of x = 0.5 and 0.56, low activation barriers of 0.32 and 0.30 eV 
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are obtained, respectively. For high proton concentrations of x = 1.0 and 1.06, slightly higher barriers 
of 0.41 and 0.42 eV, respectively, are found. It is clear that although the Li-ion conductivities of Li2OHCl 
and Li1.94OH1.06Cl are higher than those of Li2.5OH0.5Cl and Li2.44OH0.56Cl at high temperatures (>550 K), 
they are significantly lower at typical solid-state battery operating temperatures (~270–400 K). These 
results suggest that compositions with small proton concentrations (x = ~0.5) will have superior Li-ion 
transport properties in practical battery applications compared to compositions with high levels of 
protons.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. XRD patterns obtained for the series Li3–xOHxCl, where x = 0.25, 0.5, 0.75 and 1. VT (b) 1H and 
(c) 7Li MAS NMR spectra obtained for Li2.5OH0.5Cl. The corresponding variation in FWHM of 1H and 7Li 
for Li2.5OH0.5Cl are shown in (d) and (e), respectively. All spectra were acquired using a MAS rate of 10 
kHz. 
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Figure 4. MSD plots of Li+ in five different compositions of Li3-xOHxCl at 800 K, showing higher Li-ion 
diffusion with increasing proton concentration.    
 
     We can compare our conductivity values to experiment by extrapolating our calculated values to 
lower temperatures. Hood et al.15 obtained a conductivity of ~1 × 10-4 S cm-1 at 373 K for fast-cooled 
Li2OHCl, which is in excellent agreement with our extrapolated value of ~1.7 × 10-4 S cm-1. In addition, 
Li et al.19 measured the Li-ion conductivity of Li2(OH)0.9F0.1Cl. They obtained a Li-ion conductivity of 1.9 
× 10-3 S cm-1 at 373 K, which is an order of magnitude higher than that measured for Li2OHCl.15 Fluorine 
doping was shown to both increase the Li-ion conductivity of Li2OHCl and stabilise the cubic phase at 
room temperature.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Li-ion conductivities and activation energies of Li3-xOHxCl derived from the AIMD simulations. 
x = 0.00 
x = 0.50 
x = 0.56 
x = 1.00 
x = 1.06 
25 100 300 500 700 
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     Our calculated activation energy of 0.41 eV obtained for Li2OHCl is comparable to the values of 0.56 
and 0.52 eV determined by Hood et al.15 and Li et al.,19 respectively, using electrochemical impedance 
spectroscopy. It is interesting to note that the values of 0.32 eV for Li2.5OH0.5Cl and 0.30 eV for 
Li2.44OH0.56Cl are similar to the initial value of 0.26 eV for Li3OCl determined by Zhao and Daemen.14 
More recently, Song et al.22 reported low activation energies of 0.24–0.26 eV for Li3−xOHxCl (x = 0.3–
1.0). The proposed reason for these low barriers was related to the ease with which these materials 
can form Schottky defects.  
 
Lithium-Ion vs. Proton Transport           
There has been debate over whether the Li-ion conductivities from impedance measurements may 
include contributions from fast proton transport in these materials.19 To probe this issue, we plot the 
MSDs from our AIMD simulations for each element in Li2OHCl, as shown in Figure 6. While long-range 
diffusion for Li is clear from the linear increase of the MSD with time, this is not the case for proton 
transport as the proton MSD begins to flatten out before the end of the simulation time. In addition, 
the proton MSD never exceeds 2 Å, which is far below the O-O distance of 3.91 Å in Li2OHCl.13 This 
suggests that proton transport via the Grotthuss mechanism,50,51 which is found in proton-conducting 
solid-oxide materials, does not occur in Li2OHCl. 
 
 
 
 
 
 
 
 
 
 
Figure 6. MSD plots for each element in Li2OHCl at 800 K.    
   
   To gain further insight into proton and Li mobility within Li2OHCl, 1H and 7Li T1 values were measured 
and are shown in Figure 7. It is noted that to determine 7Li T1 values, static 7Li NMR experiments were 
completed over a wider temperature window, namely, −65 to 230 °C. The corresponding spectra are 
shown in Figure 7(a). Below room temperature, the static 7Li NMR spectra exhibit the lineshape 
expected for a spin 3/2 nucleus, i.e., a dipolar broadened lineshape at ~0 ppm, corresponding to the 
Li 
H 
Cl O 
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central transition (+1/2⟷1/2). A broad resonance is also observed, corresponding to the satellite 
transitions (3/2⟷1/2 and 1/2⟷3/2). Broadening of the central transition is due to strong 7Li-7Li 
homonuclear dipolar interactions that are averaged out as the temperature is increased. This is due to 
greater Li+ ion mobility and results in motional narrowing of the NMR linewidths. 
     All spectra obtained at temperatures >54 °C exhibit a single sharp resonance, corresponding to the 
cubic phase of Li2OHCl. The corresponding FWHM plot vs. temperature is shown in Figure S6, which 
confirms the phase transition occurring between 24 and 54 °C. Between 54 and 230 °C, there is a 
gradual reduction in the linewidth, indicative of Li ion mobility. The T1 values obtained (Figures 7(b) 
and (c)) appear to indicate that Li is the more mobile species. In both cases, a rapid change in T1 is 
observed between 0 and ~60 °C, believed to correspond to the expected phase change from 
orthorhombic to cubic symmetry. A more gradual change in 1H T1 is then observed between 70 and 
100 °C, where the value is on the order of seconds. This is in contrast to the 7Li T1 measurements, 
where there is a gradual, but significant change between 90 and 230 °C, where the value of T1 is 0.01 
s. It is noted that only a limited temperature range could be studied for 1H based on current hardware 
limitations. However, comparing the 1H and 7Li T1 values at 100 °C, there is an order of magnitude 
difference in the value of T1. Such values of T1 suggest high Li mobility in Li2OHCl and limited proton 
mobility.  
     Based on the current data it is likely that the protons are only locally mobile, i.e., rotating or flipping 
around a localised point, whereas the Li can move freely throughout the structure. In good agreement 
with our ab initio simulations, these NMR results indicate that any conductivity within Li2OHCl will be 
due to movement of the Li ions. Li-ion diffusion was further confirmed via PFG-NMR experiments, 
where the Li diffusion coefficient, DLi, was determined to be ~6  109 cm2/s at 373 K. Full details are 
given in the SI. This value is in excellent agreement with our ab initio MD calculated value of ~3  109 
cm2/s extrapolated at 373 K.   
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Figure 7. NMR spectra for Li2OHCl. (a) Static VT 7Li NMR spectra between –65 and 230 °C. Also shown 
in (b) and (c) are the 1H and 7Li T1 values. 
 
    To further investigate the local behaviour and mobility of the OH− groups, a sample of Li2OHCl was 
deuterated and studied using 2H solid-state NMR. Variable-temperature 2H MAS NMR data was 
acquired for Li2ODCl at −19, 33, 63, 69, 95 and 110 °C (Figure 8) and static 2H NMR data was acquired 
at −19, 69 and 110 °C (Figure S11). In both cases, between −19 and 63 °C a classic, axially symmetric 
lineshape (MAS) and powder pattern (static) are obtained, indicative of the absence of motion and, 
hence, static OH−/OD− groups. The MAS lineshape was simulated and fitted (Figure S12) to obtain the 
quadrupolar NMR parameters, CQ = 259(1) kHz and ηQ = 0.0(1), which are in good agreement with 
those commonly reported for static 2H environments.52 The known phase transition from 
orthorhombic to cubic symmetry occurs at ~35–40 °C. The 2H NMR data presented indicates that even 
at 63 °C, when Li2ODCl is known to be in the cubic phase, the OH−/OD− groups are still static, indicating 
that even though the phase transition has occurred, the OH−/OD− groups are not yet mobile. Hence, 
the phase transition alone is not responsible for mobility of the OH−/OD− groups.  
14 
 
 
Figure 8. Variable-temperature 2H MAS NMR spectra acquired for Li2ODCl at −19, 33, 63, 69, 95 and 
110 °C. The MAS rate was 10 kHz.  
 
    At 69 °C, there is an obvious change in the appearance of the 2H MAS NMR spectrum (Figure 8). The 
spectrum contains both a broad resonance and the axially symmetric lineshape previously observed 
at low temperatures. This suggests a change in the mobility of the OH−/OD− groups at this temperature 
and the presence of two different OH−/OD− environments simultaneously, i.e., both static and mobile 
OH−/OD− groups. As the temperature is increased to 95 and 110 °C, a single, relatively broad resonance 
is observed, confirming mobility of the OH−/OD− groups.  
     It is well documented that for fast moving deuterons, a single, sharp “solution-like” lineshape (e.g., 
20 Hz), with very high intensity, will be observed in the 2H MAS NMR spectrum, owing to complete 
averaging of the quadrupolar tensor.53 Such a sharp, narrow resonance is characteristic of a deuteron 
dissociating and being able to move freely throughout the structure.52,53 Here, however, the linewidth 
of the resonance is still relatively large (c.a. 2.7 kHz), suggesting movement of the OD− group rather 
than that of a free deuteron, i.e., rotation of the H/D around the oxygen (vide infra). It is also noted 
that at high temperatures (95 and 110 °C) the manifold of spinning sidebands remains (albeit at very 
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low intensities), indicating the presence of static OH−/OD− groups. Hence, two different OH−/OD− 
environments are always present in the cubic phase of Li2ODCl, both static and locally rotating 
OH−/OD− groups (vide infra). 
    Coupling these findings with our 1H and 7Li NMR data, we believe that mobility of the Li ions in 
Li2ODCl is intimately connected to the position of the OH−/OD− groups within the structure. Based on 
both the experimental and computational data presented, we believe that the change from 
orthorhombic to cubic symmetry alone is not sufficient to increase the ionic conductivity of Li2OHCl. 
Our AIMD calculations indicate that, in the cubic phase, the OH−/OD− groups point towards a Li vacancy 
and as the temperature is increased, the Li ions become mobile, starting to ‘hop’ into the Li vacancies 
and moving through the structure. As the temperature is increased further, the Li ions start to hop at 
a faster rate. Since the OH−/OD− groups point directly towards a Li vacancy, the movement of the Li 
ions will directly influence the position of the OH−/OD− groups, i.e., when a Li vacancy is filled, the H/D 
will rotate around the oxygen, repositioning itself so that it is always pointing towards a vacancy, as it 
will therefore have the greatest degree of freedom and movement. Essentially, whatever the position 
of a Li vacancy, the OH−/OD− groups will reorient themselves to ensure they always point in the 
direction of a vacancy, as illustrated in Figure 9.  
     Interestingly, in our AIMD calculations, there are O atoms coordinated to different numbers of Li 
ions, namely, three, four or five. For oxygen atoms coordinated to three Li ions, the proton movement 
is faster as it has more space to rotate into (because there are effectively three vacant sites). 
Conversely, for the O atoms coordinated to five Li ions, the movement is more restricted and hence 
the OH− groups are limited in the spaces they can rotate into. Hence, the presence of multiple 
coordination environments in the supercell calculations correlates well with the 2H NMR findings, and 
the presence of both static and mobile OH−/OD− groups.  
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Figure 9. Schematic representation of the Li-ion hopping mechanism in the cubic Pm−3m phase of 
Li2OHCl. The OH− groups point towards Li vacancies. Li-ion hopping occurs via these vacancies, 
denoted by the blue dashed arrows.  Rotation of the OH− groups occurs as a result of a nearby Li ion 
hopping to an adjacent site, denoted by the black dashed arrow.  
 
     We also produce diffusion density maps from our AIMD simulations for Li and H in Li2OHCl, given in 
Figure 10, which are a sum of all the trajectories of these species accumulated over the length of the 
simulation. It can be seen for both Li and H that the largest densities are located around the 
corresponding crystallographic sites with considerable local oscillation. Moreover, significant Li-ion 
diffusion occurs via a vacancy mechanism, in which Li+ ions diffuse to adjacent vacant sites both 
diagonally and laterally to create long-range diffusion pathways. For Li3OCl, we find significant Li-ion 
densities along the edges of the oxygen octahedra (shown in Fig. 10), which is indicative of the 
favourable migration pathways along these pathways, as found previously.28 
     In contrast, there are no long-range proton diffusion pathways, with only O-H rotational motion. 
This is perhaps unsurprising when we consider the O-O distance of 3.91 Å in these materials compared 
to proton-conducting perovskite oxides, such as BaZrO3 (with an O-O separation of 2.97 Å).54 Clearly, 
the large O-O distances in these anti-perovskite systems will inhibit significant proton hopping 
transport.  
     The important relationship between the Li-ion transport mechanism and O-H rotation in these 
systems has been recently reported by Song et al.22 and Howard et al.21 It was reported that short and 
fast rotating O-H bonds provide extra space that facilitates the formation of Frenkel defects, which are 
crucial in achieving fast, correlated Li-ion transport in these materials22.       
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Figure 10. Density plots of trajectories for lithium ions (blue) and protons (black) in Li2OHCl at 800 K. 
Oxygen positions are given in red. Chlorine ions are omitted for clarity. Examples of local Li-ion jumps 
are highlighted with red dashed lines.  
 
     Our simulation findings (Figure 10) are in good agreement with the VT 1H and 7Li NMR data 
presented in Figures 1, 7 and 8. As the temperature is increased, line narrowing is observed in both 
the 1H and 7Li NMR data. Hence, both the H and Li are, to some extent, mobile within the system. 
However, the changes observed in both the 1H T1 values and the FWHM indicate that the protons are 
not as mobile as the Li. Higher 1H T1 values and reduced line narrowing indicate proton mobility is 
limited to rotation of the OH- groups. This is further validated by the 2H MAS NMR data.  
Conclusions 
Through an effective combination of ab initio molecular dynamics simulations and variable-
temperature 1H, 2H and 7Li MAS NMR spectroscopy, we have elucidated lithium-ion and proton 
transport mechanisms in the Li3-xOHxCl solid electrolyte system. First, we report a high exothermic 
Li 
H 
a 
b 
c 
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hydration enthalpy for Li3OCl, which explains the ease with which this material absorbs moisture and 
the difficulty in synthesising moisture-free samples.   
     Second, we show that Li-ion transport is highly correlated with the proton concentration and Li-ion 
vacancy levels. Our calculations show long-range 3D diffusion of Li ions, but proton hopping is 
restricted as a result of the large separation between oxygen ions (~4 Å). There is excellent agreement 
between our calculated Li diffusion coefficient of the order 10-9 cm2 s-1 at 373 K and the value obtained 
from PFG-NMR measurements. Furthermore, proton incorporation can be used as a strategy for 
inducing disorder into the solid electrolyte systems and as a possible route to optimising the Li-ion 
conductivity. 
     Finally, these findings are supported by variable temperature 1H, 2H and 7Li MAS NMR data, which 
indicate that proton movement is limited to rotation of the OH- groups and that Li-ion mobility is long 
range. The presence of both static and locally mobile OH- groups in the cubic phase of Li2OHCl was 
confirmed using 2H NMR. Both the simulations and NMR experiments show that the protons point 
towards Li vacancy sites and that there is a strong correlation between long-range Li-ion transport and 
OH- rotation. 
     Given the recent surge of interest in Li-rich anti-perovskite materials for solid electrolytes, atomic-
scale studies of ionic conduction in the hydrated anti-perovskite systems are timely. The results 
presented here suggest that the Li3-xOHxCl system is an excellent candidate electrolyte for all-solid-
state batteries.        
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